The formation of nanocrystalline structures in bulk metal materials is of great significance for both investigating the structural features of nanocrystalline materials and enhancing the value of bulk metal materials in engineering applications. Herein, we report a nanocrystalline structure formed by lattice transformation in a three-dimensional bulk metal material. We characterized its phase composition, three-dimensional features, and boundary structure. This nanocrystalline structure had microscale length and height and nanoscale width, which gave it a "nanoplate" structure in three-dimensional space. We observed edge dislocations in the interior of the nanocrystalline structure. A unique transitional boundary that contributed to maintaining its nanoscale size was found at the border between the parent phase and the nanocrystalline structure.
Introduction
Since the last century, nanomaterials have been extensively studied because of their outstanding mechanical and physical properties [1] [2] [3] . The use of both physical and chemical methods, such as gas-phase condensation [4] and electrodeposition [5, 6] , for the synthesis of such nanomaterials, have been reported in abundance. Nanomaterials include quantum dots and small nanoparticles (zero-dimensional) [7, 8] , nanotubes and nanowires (one-dimensional) [9, 10] , nanofilms and nanocoatings (two-dimensional) [11, 12] , and more complex structures (three-dimensional) [13] . However, bulk materials are still the dominant materials used for engineering applications.
It is well known that a nanocrystalline structure can be formed into three-dimensional bulk metals, greatly improving the performance and quality of such materials and thus increasing their applicability. Several methods of forming a nanocrystalline structure, such as crystallization of amorphous solids [14, 15] , severe plastic deformation (SPD) [16] [17] [18] [19] , and dynamic plastic deformation (DPD) [20] , have been adopted. However, the above methods are complex and require a large amount of energy.
Recently, a nanoscale structure with a combination of extremely high strength and toughness was formed in a kind of high-carbon, silicon-containing steel by Bhadeshia et al. using austempering at a temperature slightly above the starting temperature of martensite phase transition over several tens of days [21] [22] [23] [24] . This method effectively provides nanostructures by recombination of the atoms in a three-dimensional bulk metal system. Herein, we explore a nanocrystalline structure formed in a bulk steel material that is adjustable through tailoring the transformation temperature and time. This method required less time and energy cost than ever before, and we present the structural characteristics of the material, especially the boundary characteristics of this nanocrystalline structure.
Experimental Details

Sample Preparation
The chemical composition of the experimental steel used in this study was similar to that of the high-carbon steels studied by Bhadeshia et al. [21] . To obtain a circular cone, Fe-1.01C-1.48Si-1.05Cr-0.44Mn-0.04Ni (wt%) was melted in a ZG-25 vacuum medium-frequency induction melting furnace (Zhonghuan Lab Furnace, Tianjin, China). After that, the ingot was forged into round bars with a diameter of 30 mm. Table 1 shows the chemical composition of the final sample measured using a SPECTROMAXx spectrometer (Ametek, San Diego, CA, USA). The homogenizing treatment for the samples was carried out in an argon-protective atmosphere at 1200 • C for 24 h. After heating in an argon atmosphere protection furnace to 950 • C and holding for 30 min, the samples were cooled to room temperature in two ways. One of the ways was to quickly transfer them from high temperature to molten salt (55% NaNO 2 + 45% KNO 3 ), then keep them at a constant temperature for 40 min (austempering), and finally put them into water to cool to room temperature. The other way was to directly cool the samples in the furnace to bring their temperature down to room temperature (annealing).
Characterization Techniques
The treated samples were etched in a 4% nitric acid alcohol solution after being mechanically ground and polished. The microstructure of the samples was observed using a Carl Zeiss Axio Scope A1 optical microscope (Carl Zeiss, Oberkochen, Germany).
The phase of the samples was analyzed by Rigaku D/Max-2500V X-ray diffractometer (Rigaku, Tokyo, Japan). The working parameters were Cu target Kα radiation, 40 kV operating voltage, and 100 mA operating current, and the scanning angle 2θ ranged from 30 • to 90 • with a scanning speed of 1 • /min.
The samples prepared for the SEM analysis were deeply etched by the 4% nitric acid alcohol solution for 12 s. The analysis of the samples was performed using a Phenom Pro X scanning electron microscope (Phenom, Eindhove, The Netherlands).
The transmission electron microscopy (TEM) films, with a diameter of 3 mm and a thickness of 2 mm, were cut out from the heat-treated experimental material and mechanically ground to 30 µm in thickness on a waterproof abrasive paper. Then 20 V was applied at −20 • C using 5% perchloric acid and a 95% methanol (Aladdin, Shanghai, China) solution. The voltage was thinned by double injection until perforation, and thin film samples were prepared. Fine-structure analysis of the samples was performed using a FEI TECNAI G2 F20 transmission electron microscope (FEI, Hillsboro, OR, USA).
Results and Discussion
The enthalpy changes of the samples during the crystal lattice transition of the heating process were analyzed by a TG/DTA6300 analyzer (Netzsch, Frankfurt am Main, Germany). The DTA result is shown in Figure 1 , the endothermic reaction, which marks the transition from body-centered cubic to face-centered cubic, was detected between 774 • C and 814 • C. The resulting material did not show significant endothermic or exothermic reactions above 814 • C, indicating that the samples were in a single γ-Fe lattice state at 814 • C and above [24] . The XRD analysis of the samples that had been austempered at different temperatures after heating to 950 °C showed that the structure mainly consisted of fcc lattice (γ-Fe) and bcc lattice (α-Fe), as shown in Figure 2 . It was evident that the γ-Fe phase was the residual parent phase, while the α-Fe phase was the new phase formed during the isothermal process. Compared with the annealed samples, the peaks of the α-Fe phase in the austempered samples, such as the peaks representing the (200) crystal plane of α-Fe, were more diffuse. On the basis of previous X-ray diffraction studies [25, 26] , this result means that the α-Fe phase formed smaller grains in the austempered samples. Compared to the other austempered samples, the diffraction peak representing the (200) plane of the α-Fe in the sample that was austempered at 230 °C was the widest and the lowest in intensity (indicated by the arrow). When the austempering temperature was increased to 280 °C, the width of the diffraction peak representing the (200) plane of α-Fe was slightly reduced but the intensity clearly increased. When the austempering temperature was increased to 320 °C, the (200) plane diffraction peak of α-Fe became more cuspidal. This showed that when the austempering time of the samples was the same, the increasing of the austempering temperature caused the α-Fe grains to grow. At lower austempering temperatures, the α-Fe grains were finer, but their total content was lower. The XRD analysis of the samples that had been austempered at different temperatures after heating to 950 • C showed that the structure mainly consisted of fcc lattice (γ-Fe) and bcc lattice (α-Fe), as shown in Figure 2 . It was evident that the γ-Fe phase was the residual parent phase, while the α-Fe phase was the new phase formed during the isothermal process. Compared with the annealed samples, the peaks of the α-Fe phase in the austempered samples, such as the peaks representing the (200) crystal plane of α-Fe, were more diffuse. On the basis of previous X-ray diffraction studies [25, 26] , this result means that the α-Fe phase formed smaller grains in the austempered samples. Compared to the other austempered samples, the diffraction peak representing the (200) plane of the α-Fe in the sample that was austempered at 230 • C was the widest and the lowest in intensity (indicated by the arrow). When the austempering temperature was increased to 280 • C, the width of the diffraction peak representing the (200) plane of α-Fe was slightly reduced but the intensity clearly increased. When the austempering temperature was increased to 320 • C, the (200) plane diffraction peak of α-Fe became more cuspidal. This showed that when the austempering time of the samples was the same, the increasing of the austempering temperature caused the α-Fe grains to grow. At lower austempering temperatures, the α-Fe grains were finer, but their total content was lower. A substantial number of observations of the austempered samples were made using an optical microscope. It was found that a new phase consisting of extremely fine strips arranged in parallel was formed in the samples, as shown in Figure 3a -c. The length of each strip ranged from a few micrometers to tens of micrometers (indicated by the red arrows), and their widths were too small to measure using an optical microscope. The samples austempered at 230 °C showed the lowest number of paralleled strips. With an increase in the austempering temperature to 280 °C, these paralleled strips became significantly longer, but they remained extremely thin. When the austempering temperature reached 320 °C, the number of strips in the samples increased, and they became significantly wider. This result shows that when the austempering temperature exceeded 280 °C, the width of the strips could be increased. Based on quantitative metallography, we used the Proimaging software (Version 1.1, Carl Zeiss, Oberkochen, Germany) to analyze the amounts of this phase, and the results showed that the amounts of the bcc phase were 6%, 25%, and 36%, respectively. This is consistent with the previous XRD results. A substantial number of observations of the austempered samples were made using an optical microscope. It was found that a new phase consisting of extremely fine strips arranged in parallel was formed in the samples, as shown in Figure 3a -c. The length of each strip ranged from a few micrometers to tens of micrometers (indicated by the red arrows), and their widths were too small to measure using an optical microscope. The samples austempered at 230 • C showed the lowest number of paralleled strips. With an increase in the austempering temperature to 280 • C, these paralleled strips became significantly longer, but they remained extremely thin. When the austempering temperature reached 320 • C, the number of strips in the samples increased, and they became significantly wider. This result shows that when the austempering temperature exceeded 280 • C, the width of the strips could be increased. Based on quantitative metallography, we used the Proimaging software (Version 1.1, Carl Zeiss, Oberkochen, Germany) to analyze the amounts of this phase, and the results showed that the amounts of the bcc phase were 6%, 25%, and 36%, respectively. This is consistent with the previous XRD results. To further reveal the three-dimensional characteristics of these strips, we used a 4% nitric acid ethanol solution to etch the sample (austempered at 280 °C) for 12 s. A typical SEM micrograph of the corroded areas is shown in Figure 4 . Parallel furrow-like structures were observed. The grooves were the α-Fe lattice phases, which were deeply eroded by the nitric acid solution, while the embossments were the remaining γ-Fe lattice phases [27] . Three-dimensional roughness analysis showed that the strips has a height of more than 200 nm. To further reveal the three-dimensional characteristics of these strips, we used a 4% nitric acid ethanol solution to etch the sample (austempered at 280 • C) for 12 s. A typical SEM micrograph of the corroded areas is shown in Figure 4 . Parallel furrow-like structures were observed. The grooves were the α-Fe lattice phases, which were deeply eroded by the nitric acid solution, while the embossments were the remaining γ-Fe lattice phases [27] . Three-dimensional roughness analysis showed that the strips has a height of more than 200 nm. To further reveal the three-dimensional characteristics of these strips, we used a 4% nitric acid ethanol solution to etch the sample (austempered at 280 °C) for 12 s. A typical SEM micrograph of the corroded areas is shown in Figure 4 . Parallel furrow-like structures were observed. The grooves were the α-Fe lattice phases, which were deeply eroded by the nitric acid solution, while the embossments were the remaining γ-Fe lattice phases [27] . Three-dimensional roughness analysis showed that the strips has a height of more than 200 nm. The transmission electron microscopy (TEM) results clearly revealed the widths of the strips. As shown in Figure 5a , these strips did not present any discontinuities and showed widths of approximately 80 nm. Selective electron diffraction analysis was performed on the region blocked by the yellow frame, and the result is shown in Figure 5b . Although the diffraction spots of the samples austempered at 280 • C were slightly deformed, such as the (211) α diffraction spot, the selected areas still clearly showed characteristics of α-Fe crystal lattice, a result different from those of others reports in similar systems [28] . High resolution transmission electron microscope (HRTEM) analysis of the α-Fe strips showed that there were edge dislocations in the α-Fe crystal lattice, as shown in Figure 5c , which is consistent with the observations of some nanocrystalline structures in other metals [29, 30] . This nanocrystalline structure had microscale length and height and nanoscale width. The strips exhibited a plate-like structure in three-dimensional space. We named it "nanoplate". The transmission electron microscopy (TEM) results clearly revealed the widths of the strips. As shown in Figure 5a , these strips did not present any discontinuities and showed widths of approximately 80 nm. Selective electron diffraction analysis was performed on the region blocked by the yellow frame, and the result is shown in Figure 5b . Although the diffraction spots of the samples austempered at 280 °C were slightly deformed, such as the (211) α diffraction spot, the selected areas still clearly showed characteristics of α-Fe crystal lattice, a result different from those of others reports in similar systems [28] . High resolution transmission electron microscope (HRTEM) analysis of the α-Fe strips showed that there were edge dislocations in the α-Fe crystal lattice, as shown in Figure  5c , which is consistent with the observations of some nanocrystalline structures in other metals [29, 30] . This nanocrystalline structure had microscale length and height and nanoscale width. The strips exhibited a plate-like structure in three-dimensional space. We named it "nanoplate". The nanoplate indicated by the yellow arrow in Figure 5d was perpendicular to the viewing surface (unlike the nanoplate indicated by the green arrow in Figure 5d ; there were no bands of equal thickness, which indicated a boundary that was not perpendicular to the viewing surface). There was an exceptionally bright contrast at the boundary between the nanoplate and the parent phase. Studies on the boundary structure of nanocrystalline structures have attracted great attention [31] [32] [33] [34] , so this feature was worthy of further study. HRTEM analysis was performed on this region, and, as shown in Figure 5e , the junction region between the nanoplate and the parent phase (framed by the green dashed line) had a concave-convex structure. The width of this region was approximately 5 nm. We enlarged the concave area indicated by the red arrow and found it had features characteristic of a transitional boundary: the γ-Fe lattice and the α-Fe lattice were coherent at zone 1, the α-Fe lattices were distorted in zone 2, and those in zone 3, which were adjacent to zone 2, were distinctive. The lattices in zone 3 were disordered (they did not belong to the α-Fe crystal lattice or the γ-Fe crystal lattice, while the lattices in the γ-Fe phase clearly showed a (110) γ crystal plane, and the lattices in the α-Fe phase showed a (200) α crystal plane).
The heating temperature of 950 • C, higher than 814 • C, ensured that the composition of γ-Fe crystals be homogeneous, especially in terms of the carbon content, and that the lattice structure be uniform and without defects such as dislocations. In addition, previous studies have shown that higher heating temperatures provide higher equilibrium vacancy concentrations, which contribute to the formation of nanocrystalline structure regions [35] .
The boundary, which had characteristics of a transitional boundary, led to an increase in the system energy and thus showed an exceptionally bright contrast in the HRTEM image. The boundaries of the nanoplates did not have a single type of boundary structure, such as a coherent or incoherent structure boundary, as in traditional crystals. Both the lattice distortion regions (zone 2) and the disordered-state region (zone 3) of the α-Fe phase limited the widening of the α-Fe phase, ensuring the nanoscale width of the α-Fe phase. In addition, the isothermal temperature corresponded to the chemical driving force of the lattice transformation of the system. High-isothermal temperatures give the atoms a large amount of thermal motion, increasing the energy available to overcome the resistance zone and relaxing the boundary structure; therefore, it is difficult for the new phase to maintain its nanometer size. In contrast, at a lower isothermal temperature, the atoms have difficulty overcoming the resistance zone, and the new phase can maintain the nanoplate structure.
Conclusions
A nanocrystalline structure was formed by crystal lattice transformation in a bulk steel material. This method requires less time and energy cost than previous methods. The structural characteristics of this nanocrystalline structure were studied. The major findings and conclusions are as follows:
(1) This nanocrystalline structure had microscale length and height and nanoscale width; the strips exhibited a plate-like structure in three-dimensional space. We named it "nanoplate". (2) This nanocrystalline structure had α-Fe crystal lattice and presented edge dislocations. (3) There were unique boundaries between the nanocrystalline structures and the parent phase which consisted of three areas. These boundaries may help the nanocrystalline structure maintain a nanoscale size.
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